The seasonal activity of six carabid species (Nebria brevicollis, Carabus nemoralis, C. hortensis, C. coriaceus, Pterostichus melanarius and Abax parallelepipedus) was studied along an urbanisation gradient (rural forest -suburban forest -forest fragments in urban park) in Sorø, Denmark, during April-October 2004 and 2005. Two groups were identified: 1) Species with constant seasonality, in which seasonal activity profiles did not differ along the gradient (C. hortensis, C. coriaceus, and A. parallelepipedus); 2) Species with flexible seasonality, with remarkable differences along the gradient and between the years (C. nemoralis, N. brevicollis and P. melanarius). In four out of six studied species, 2005 was less favourable than 2004. Spring activity in the urban habitat started earlier than in the suburban or forested ones. A better understanding of urban green infrastructures in biodiversity assessments may need the study of seasonality in order to distinguish whether the bioindicator's responses are to habitat quality or stochastic seasonal events.
Introduction
Ground beetles are a species-rich family of Coleoptera, forming a significant part of the fauna active at ground surface within most of their area of distribution (Lövei & Sunderland 1996) . A total of 136 carabid species are known from Denmark (Lindroth 1985 (Lindroth , 1986 , but their population dynamics and life-histories are not well documented. The pioneering studies by Schjøtz-Christensen (e.g. 1965 , 1968 clarified basic aspects of selected species in a heath area on Jutland, including reproductive activity and life span. Gyldenkaerne and Ravn (1998) , based on studies in NW Europe, presented a qualitative graphical summary of the seasonal activity of the most common species on agricultural land. More recent studies on ground beetles concentrate on the fauna of agricultural land (Lövei et al. 2002 , Lövei & Magura 2016 , and urban habitats (Elek & Lövei 2005 , 2007 . However, there remains a scarcity of published quantitative lifehistory studies on the native ground beetle fauna (but see Jørum 1976a see Jørum , 1980 . Quantitative descriptive methods are available (e.g. Fazekas et al. 1997) , and climate change-related concerns make it relevant to have a more precise understanding of the spatial and temporal variation in the seasonal dynamics of species, including ground beetles. These beetles are good ecological indicators because of their well-established taxonomy and ecology; they also have a key function in terrestrial ecosystems such as abundant generalist predators of arthropods and seeds (Lövei & Sunderland 1996 , Kulkarni et al. 2015 . Given that several species are protected, information on their seasonal dynamics would be useful to harmonise conservation efforts during habitat management operations, like the use of chemicals in agricultural lands, forest management, etc., in order to minimise risk to ground beetles.
A large number of ground beetles were collected within the framework of Danglobe Project (Elek & Lövei 2005) aiming to study the effects of urbanisation on ground beetles. Similarly to other studies (Niemelä et al. 2002 , Vergnes et al. 2014 , this study revealed that the urbanisation has a negative effect on the large forest species as their species richness and abundance decrease towards the urban habitats (Elek & Lövei 2007 , Croci et al. 2008 . However, the activity of the generalist and open habitat species increases in the more urbanised habitats. These results prompted us to investigate the seasonal dynamics of the most abundant carabid species among the sites in order to distinguish the local/temporal variability from the consequent trend in the changes (abundance and species richness) of ground beetle assemblages. As a starting point, in this paper we aim to describe the seasonal dynamics, in a standardised way (Fazekas et al. 1997) , of the most common carabid species from Sorø, West Zealand, Denmark. We also examined the hypothesis that due to the "heat island" effect of cities (Mcdonnell & Hahs 2008) , the six common species that were present at more than one urbanisation stage would start their spring activity earlier than in their original forest habitat. We found considerable variation in seasonal dynamics, both in space and time, but this did not support our hypothesis: in most situations examined, spring activity started earlier in the original forest habitat than in the suburban or urban one. Forest fragments in the urban area served as source habitats for one species, Nebria brevicollis (Fabricius).
Materials and methods

Sampling area and methods
Our study area was in and around the town of Sorø (92.1 inhabitants/km 2 ), about 80 km west of Copenhagen, on the island of Zealand (Fig. 1) . The forest, suburban and urban sampling areas were all located in parts of a once continuous beech forest surrounding the city. The closest trapping block in the rural forest was about 1.5 km west from the town centre. The suburban forest 1 extended from north-east of the town centre toward south-east, and the closest trapping block was about 1.01 km from the town centre. The suburban forest 2 was located south of the town centre with the closest trapping block about 2.17 km from the town centre. The dominant trees were beech (Fagus sylvatica L.) and hornbeam (Carpinus betulus L.). The urban area was in the park of the Sorø Akademi. This park has old forest patches (mainly with beech), individual rem-nant trees, tall exotic trees, alternating with bushes and extensive mown grass areas. All traps were set in forest patches that had at least some large trees that could be assumed to have remained there since the time the whole area was forested ca. 250 years ago. The traps were always set >5 m from the nearest edge.
The material was collected following the Globenet protocol (Niemelä et al. 2000) . This setup requires four groups of 10 traps per urbanisation stage, set at distances that ensure spatial independence. The traps were checked fortnightly between the end of April to mid-October, 2004, giving a trapping effort of 2,640 trap-weeks (120 traps × 22 weeks). In order to examine the impact of reduced sampling effort we operated the traps every second fortnight in 2005 (see details of the results in Sapia et al. 2006) , resulting to the total sampling effort of 1,440 trap-weeks (120 traps × 12 weeks). In 2005, the suburban forest 2 was sampled in addition to the suburban forest 1 because the size of the suburban forest 1 was reduced due to logging. The species composition was highly similar in these two suburban areas, based on non-metric multidimensional scaling (Elek & Lövei 2007) . For identification, keys by Lindroth (1985 Lindroth ( , 1986 and Hùrka (1996) were used. Further details about the sampling are presented by Elek and Lövei (2005) .
Seasonal activity
Seasonal activity was described by the "quartile method" according to Fazekas et al. (1997) . Captures (total number of individuals per fortnight) were first converted to cumulative values. To mitigate the impact of time-specific weather anomalies, the unweighted running means of three weeks were calculated the following way: Ẍ a = (x a-1 + x a + x a +1 )/3 where x a-1 is the number of captures during the week before, and x a+1 is the same for the week following the central one, whose capture is x a .
This running mean was used to calculate cumulative capture data, and the major dates (hereafter cardinal dates) of the seasonal activity were established. The three cardinal dates of the activity curve are the start, peak and end of the main activity period. The date of peak activity is the date when the cumulative number of individuals caught reached 50% of the total numbers collected. The beginning and the end of the main activity period were defined as the dates when 25% and 75%, respectively, of the total number of individuals were captured. The "early activity period" extended from the start of the activity to the beginning of the main activity period, and the "late activity period" was defined as the period after the end of the main activity period until the activity had ceased. Only the activity of species with at least 10 individuals/site×year were considered, and the quartile method applied only to the species with a unimodal activity curve.
Results
Total seasonal activity
The total catch was 10,314 individuals belonging to 43 species in 2004, and 4,961 individuals of 38 species in 2005 (for details see Elek & Lövei 2005) . Generally, ground beetle activity was lower in 2005 than in 2004, except in the suburban habitats (Fig. 2) . The total numbers captured were the highest in the urban habitat in both years (4,424 and 1,936 individuals in 2004 and 2005, respectively) .
In the forest, ground beetle activity was strongly unimodal in both years, with high activity in mid-to late August (Fig. 2) . The autumn activity was higher in the forest than in the urban habitat (Fig. 2) . The activity density was the lowest in the suburban areas (2004: 1,591 ind.; 2005: 1,274 ind.), and showed a slight increase late in the season in both years, more in 2005 (Fig. 2) . In the urban habitat, ground beetles showed bimodal activity with the activity density peaks in late June and mid August in 2004 (Fig. 2) . This pattern was not clear in 2005, when the activity density levels were generally lower (Fig. 2) .
Species-specific accounts
Nebria brevicollis (Fabricius)
The seasonal activity of N. brevicollis was bimodal. The species was most abundant in the urban site in both years (Fig. 3) . There was an early high activity during week 24 in both years and all habitats, while the late high activity occurred during weeks 40-41 (Fig. 3) . The activity patterns were consistent, except that the activity did not seem to stop in the middle of the summer in the urban habitat, unlike in the other two habitats (Fig. 3) .
Carabus nemoralis Müller
The seasonal activity of C. nemoralis was bimodal or slightly bimodal in all sites and years (Fig. 4) . In five of the six site-year combinations studied, the spring activity density was higher than the autumn one; the only exception was in the suburban habitats in 2005 (Fig. 4) . It is likely that this species remains active in the autumn longer than the trapping period. At the forest site, this species showed slight bimodality with decreasing activity towards the end of the season in 2004. The spring activity peaked in early July, but the autumn peak was not clearly identifiable. The autumn activity peak in 2005 was almost missing (Fig. 4) . In the suburban sites, the species thrived: the activity density of this species was the highest in this habitat in both years, with an early high activity in week 24 and equally high activity in week 39 in 2004. The urban habitat was characterised by strong early activity, occurring about 4 weeks earlier than elsewhere (Fig. 4) . It is also possible that this species became active before the start of the trapping. The second activity period was a little weaker in 2004, again starting earlier in the urban area than elsewhere.
Carabus hortensis Linnaeus
This species occurred at the suburban and forest sites, but was entirely absent from the urban area in both years. It was much more abundant in the forest than in the suburban habitats in both years, although less so in 2005. This species had a distinct activity peak in late August-early September, more pronouncedly in the suburban habitats than in the forest (Fig. 5) . The activity peak occurred later in the suburban than the forest habitat in both years, but the spring activity peak was virtually absent in the suburban habitat in 2005 (Fig.  5) . The activity density levels were similar in both years, and 2005 seemed to be a better year for this species in the suburban habitat than 2004 (Fig. 5) .
Carabus coriaceus Linneaus
This species had similar activity at the sites and years (Fig. 6) and occurred in the forest and suburban sites, with a few adults captured at the urban site in 2004. It was active in the mid and late season. The early activity period extended from May to mid-August, while the main activity period was restricted to August and September. The late activity period lasted until October. The activity density was slightly lower in 2005 than in 2004 in the forest, and much more so in the suburban habitat (Fig. 6) 
Pterostichus melanarius (Illiger)
This species had a similar activity period in both years with the seasonal activity seeming unimodal, or a slightly fused bimodal. Although a slight decrease of activity occurred in week 26 in 2004 in all habitats, this did not appear on the trendline nor anywhere in 2005 (Fig. 7) . The main activity period was short, falling between weeks 31-34, peaking in week 33. In the urban habitat, a unimodal activity curve was evident in 2004, with a main activity period (weeks 27-34) and activity peak (week 33) similar to the one in the other two habitats. The overall activity density was higher in 2004 than in 2005 (Fig. 7) .
Abax parallelepipedus (Piller & Mitterpacher)
This species occurred in the forest and suburban sites in both years, but only in 2005 in the urban habitat (Fig. 8) . In the forest habitat, the activity was sharply unimodal with the main activity period falling between weeks 26-34 with an activity peak on week 33. The activity pattern among the habitat types were similar in 2005. In the suburban habitat, the main activity period occurred two and three weeks earlier in 2004 and 2005, respectively, than those in the forest (Fig. 8) . In 2004, the activity densities were much higher than in 2005 (Fig. 8) . 
Discussion
All of the six studied forest species were able to maintain a large and continuously surviving populations (judged from activity densities) in urbanised (C. nemoralis, P. melanarius) or suburbanised (the remaining four species) habitats. This indicates that such habitat fragments can provide a way to species survival at the landscape level even under urbanised conditions, although this may depend on the dispersal ability of the species. Abax parallepipedus displays a similar ability in France (Vergnes et al. 2013) . In case of N. brevicollis, the forest fragments in the urbanised habitat had higher activity densities, so they can even serve as population source, not sink. This is an interesting phenomenon, because urbanised habitats are often considered sink habitats (Padilla & Rosewald 2015) . Carabids in the northern temperate region are generally active during spring and late summer (Penney 1969 , Thiele 1977 . This is generally attributed to the food requirements of egg-laying females. Adult-overwintering species emerge in spring and are soon in reproductive condition, producing a spring activity peak. Many otherwise polyphagous species require protein at this life stage (Mayntz et al. 2005) , and ground beetles get this from suitable prey, mostly invertebrates (Larochelle 1990) . Invertebrate activity in spring is influenced mainly by temperature, which is more capricious in spring than in summer-au- tumn. Consequently, more between-site and between-year variation in the early seasonal activity period can be expected for such species than for those breeding late summer-early autumn. The late summer-early autumn peak is mostly caused by species overwintering as larvae, complete their development in spring, emerge and reproduce. Several species reproduce more than once, creating two reproductive periods that sometimes become two "reproductive subpopulations" (Ká-dár et al. 2015) . The same species can have different habitat preferences in different parts of their distribution range (Tyler 2008) and their activity patterns can also be different (Butterfield 1986 , Matalin 2006 , which makes studies of seasonal activity in different locations worthwhile. However, studies rarely go beyond registering the fact that there can be/are differences in seasonal dynamics (e.g. Matalin 2006) . Seasonal dynamics are influenced by both inherent rhythms and random local events, like cold spells or rainy periods. Such "noise" has the potential to confound the underlying pattern, and the use of a standardised, quantitative method to describe seasonal activity (Fazekas et al. 1997) , followed here, allows to reduce the impact of local "noise" on the pattern, making between-site comparisons more feasible and interpretable. In Denmark, there is a scarcity of life-history and seasonal dynamics studies of carabids (but see e.g. Schjøtz-Christensen 1965 , 1968 , Jørum 1976a . All species studied here showed clear differences in seasonality, sometimes also between the different studied habitats.
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Carabus hortensis showed consistent activity pattern with slight unimodality among the years and sites. This consistency was also documented by Jørum (1976a) . The autumn activity did not decrease at the end of the trapping period, corresponding to Schjøtz-Christensen's (1968) findings at Mols, on the Jutland Peninsula of Denmark. This species overwinters as larvae, and has low dispersal power, so its presence indicates suitable habitat conditions for individual development, and the maintenance of self-supporting population.
Carabus coriaceus showed a consistent unimodal activity pattern like C. hortensis. Kålås (1985) found a unimodal activity pattern also in western Norway, but the activity peak occurred a month earlier. In Jutland, however, the same species had a bimodal activity pattern (Jørum 1976a ) with a second activity peak in late September. In Hungary, the activity period of C. coriaceus preceded that of C. hortensis (Kádár et al. 2015) .
The unimodal activity pattern by A. parallelepipedus was similar to that found in Jutland (Jørum 1976a) .
The second group consists of the species with flexible seasonality (N. brevicollis, C. nemoralis, and P. melanarius), in which there were remarkable differences among sites and years.
Nebria brevicollis showed between-year constancy in the urban, but not in the suburban and forest habitats. The bimodal activity curve of N. brevicollis was clearly observed at Sorø. The characteristic diapause in July and August corresponds to other findings in Denmark (Jørum 1976a, b) and Norway (Kålås 1985) , and can be explained by the photoperiod-governed aestivation that characterises this species (Thiele 1969) . In five of the six year-samples, the autumn activity density was higher than the spring one. The temporal changes in the activity density are fast, because the emergence of teneral adults leads to a rapid increase in the number of individuals (Penney 1969) . These individuals may migrate to other habitats, and could have caused the time lag in the increase of the number of individuals in the suburban area. The late activity peaks in the suburban and forest habitats indicate that these sites are less favourable for this species, and therefore these sites could be sink habitats.
Carabus nemoralis, which is a spring breeder, showed bimodality with varying tendencies among sites. The peak activity periods were in June and October, which corresponds to the findings by Kålås (1985) in western Norway. A smaller bimodality seems to occur also in the Netherlands (Turin 2000) , but in northern Scandinavia, the species develops over two years (Lindroth 1985) . It is likely that the size of the second peak depends on temperature: in warmer years, more newly emerged adults show surface activity.
Pterostichus melanarius showed unimodal, or fused bimodal activity pattern with activity peak varying between July and August, corresponding to the findings in Jutland (Jørum 1976a) . However, in Norway, the high activity period occurs a month earlier (Kålås 1985) . The same species shows a biennial life-cycle in Hestehave at Kalø, Jutland (Jørum 1980) , probably just coincidentally because of the extreme climatic conditions during the specific study period. Indeed, Matalin (2006) documented large variations in the life-cycle of P. melanarius, probably driven by climatic differences. Females of this species can overwinter and reproduce again the following spring. Jørum (1980) , for example, found 30% of old females having eggs relatively early in the season. This could cause the observed activity pattern.
Considering all the six species studied here, the overall activity density was highest in the forest and urban habitats both years. In the suburban sites, a less consistent activity pattern was found.
High (early) spring activity occurred regularly in species at the urban habitats. In suburban areas, the pattern was less consistent: there was broad variation in the occurrence of spring and autumn activity periods. In the forest, autumn activity peaks were more frequent. This may have a simple cause, like increased temperature in cities, which makes urban forest fragments warmer than continuous forests (Landsberg 1981) .
The species with constant activity (C. hortensis, C. coriaceus, and A. parallelepipedus) had high activity in autumn, while the species with flexible seasonality (N. brevicollis, C. nemoralis, and P. melanarius) had a bimodal activity pattern with high activity periods in both spring and autumn.
